Surfactant mediated growth of Ti/Ni multilayers 
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The surfactant mediated growth of Ti/Ni multilayers is studied. They were prepared using ion 
beam sputtering at different adatom energies. It was found that the interface roughness decreased 
significantly when the multilayers were sputtered with Ag as surfactant at an ion energy of 0.75 keV. 
On the other hand, when the ion energy was increased to 1 keV, it resulted in enhanced intermixing 
at the interfaces and no appreciable effect of Ag surfactant could be observed. On the basis of the 
obtained results, the influence of adatom energy on the surfactant mediated growth mechanism is 
discussed. 



Ti/Ni multilayers have found applications in many 
emerging areas including neutron mirrors, [ll-Q soft x-ray 
optics, |^-|6[ and shape memory alloys for making micro- 
electronic mechanical systems (MEMS) devices. Q Also, 
this system is considered as a model system for demon- 
strating the solid state amorphisation (SSA) reaction. j8|- 
[Toj Therefore the Ti/Ni multilayer system is interest- 
ing both, from the basic as well as from the application 
point of view. In particularly, the large difference be- 
tween the neutron scattering length densities (SLD) of 

Ti (-1.95 • 10-6 A"^) and Ni (9.41 • lO^^A"^) makes 
Ti/Ni multilayers an ideal candidate in neutron optics. 
Attempts have been made to further optimise this multi- 
layer system either by increasing the contrast by adding 
hydrogen [l|, or by adding interdiffusion barriers such 
as Cr and C [a[il,[ll. 

The surface free energy (7) for the average face of Ni, 
Ti and Ag are 7Ni = 2.4 Jm"^, 7x1 = 2.1Jm^^ and 
7Ag = 1.2 Jm"^, respectively. [l3, [ill A difference in 
the 7 is known to produce multilayers with asymmet- 
ric interface as wetting of the material with a lower 7 
will take place on a material with higher 7. In the op- 
posite case agglomeration due to de-wetting takes place. 
Therefore, from the difference in the 7, it is expected 
that the Ti-on-Ni interface should be smoother than the 
Ni-on-Ti interface in a Ti/Ni multilayer. This asymme- 
try may result in increased roughness and stress as the 
growth of the multilayer takes place. Such an increase 
in roughness and stress leads to a decrease in the peak 
reflectivity, and to an enhanced interdifFusion. In a neu- 
tron monochromator or supermirror several hundreds of 
repetitions are required for the optimum performance of 
the device. In this situation the stress can buildup so 
intensely that the deposited film may peel-off from the 
substrate as observed experimentally. [l6j 

The addition of a surface active species (a surfactant) 
might balance the asymmetry of the interfaces. [17] A sur- 
factant essentially has a significantly lower 7 than the 
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multilayer components so it leads to a wetting and thus 
to smoother interfaces. If in addition it is not incor- 
porated in either of the compounds, it will flow on top 
during the deposition and thus allow for a layer- by- layer 
type growth throughout the complete film. In the case 
of Ti/Ni multilayers, no attempt has been made yet to 
study the surfactant mediated growth, although surfac- 
tants have been used in other types of multilayers e.g. Sb 
as surfactant in Si/Ge multilayers, Il9| O and Ag as sur- 
factants in Cu/Co multilayers. [20I [21] . etc. In addition, 
the role of adatom energy on the surfactant mechanism 
has not been studied. 

In this letter, we present the results of surfactant 
mediated growth of Ti/Ni multilayers, prepared using 
ion beam sputtering (IBS) at incident ion energy 
i?Ar+ = 0.75 keV and 1.00 keV. Two otherwise identical 
sets of samples have been prepared on silicon (100) sub- 
strates at room temperature with following deposition 
sequences: 

A: Ti(lOnm) / [Ti(6nm)/Ni(4nm)]io, 

B: Ti(10 nm) / Ag(0.2 nm) / [ Ti(6 nm) / Ni(4 nm) ] m, 

C: Ti(10 nm) / [ Ti(6 nm) / Ag(0.2 nm) / Ni(4 nm) ] iq. 

The ion beam produced with a RF-ion source (Veeco) 
was kept incident at angle of 45 ° with respect to the 
target. The base pressure was less than 5-10~® mbar prior 
to the deposition while the pressure during the deposition 
was 5 ■ 10"'* mbar due to the flow of the Ar gas (purity 
99.9995%) in the ion source and RF-neutralizer. Each 
target was pre-sputtered for about 15 minutes to remove 
contaminations from the target. The pre-sputtering of Ti 
also helped to minimize the oxygen partial pressure. The 
targets mounted on a rotary motion were alternatively 
rotated to deposit the multilayer structures. 

The thickness of the deposited thin films was calibrated 
using x-ray (Cu-Ka) reflectivity (XRR) . X-ray diffraction 
measurements were carried out to measure the structure 
of the deposited samples. Fig. [1] shows the XRD pattern 
of the samples A. The peaks observed correspond to Ni 
(111), Ti (002) and Ti (101). As can be seen, the peaks 
are relatively broader for the sample prepared using a 
lower Ar+ ion energy. The average grain size can be cal- 
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FIG. 1. (Color online) X-ray (Cu-Kq) diffraction pattern of 
samples prepared with -EAr+ =0.75 keV (a) , and with Ej^^+ — 
1.00 keV (b), respectively. 
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FIG. 2. (Color online) Neutron reflectivitiesy of the Ti/Ni 
multilayers prepared with Ep^^+ — 0.75 keV (left), and with 
Ej^^+ — 1.00 keV (right). The reflectivities are scaled for clar- 
ity. 

culated using the Scherrer formula: t = 0.9A/A6'cos6', 
where t is the grain size, A9 is an angular width of the 
reflection, 9 is the Bragg angle, and A is the wavelength 
of the radiation used. The grain size of the sample pre- 
pared using £^Ar+ = 1.00 keV was 4.8±0.1nm which is 
somewhat larger as compared to 4.2±0.1 nm for the sam- 
ple with i?Ar+ = 0.75 keV. All XRD patterns of samples 
with varying surfactant contents but same incident ion 
energy were identical. 

Neutron reflectivity (NR) measurements were carried 
out to measure the depth proflle of the SLDs. The 
samples prepared with i?Ar+ — 0.75 keV were mea- 
sured at the reflectometer AMOR at SINQ/PSI, Switzer- 
land in the time of flight mode [23 |. and the ones with 
i?Ar+ = 1-00 keV in the monochromatic mode (A — 4.4 A) 
at Superadam at ILL, France. The resulting curves 
are shown in Fig. [21 They were fitted using Parratt's 
formulism. f23'| While the NR pattern for samples A and 
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FIG. 3. (Color onhne) SLD depth profiles for Ti/Ni multi- 
layers prepared without surfactant (A), and with Ag on the 
Ti bufler layer, only (B), for both sputter energies i5Ar+ = 
0.75 keV (top), and i?Ar+ = 1.00 keV (bottom), respectively. 



B with -E'Ar+ = 0.75 keV can be fitted well assuming their 
nominal structures, the one for sample C shows a broad 
hump riding on top of total thickness oscillations. This 
hump could be fitted assuming a layer of about 2 nm on 
top of the multilayer structure with a SLD close to that of 
bulk Ag. It looks like all the Ag from all Ti-Ni interfaces 
accumulated on top of the film. The details of fitting 
are given in table HI As can be seen there, the refiected 

intensity (TZ) at the Bragg peak (g^ = 0.068 A ) for the 
sample prepared at 0.75 keV without any surfactant was 
18.6% while it increases to 24.3% when Ag was added 
at the buffer Ti layer, and 23.7% when the surfactant 
was introduced at each Ti layer. Whereas, in case of the 
1 keV sample TZ only increases marginally with addition 
of Ag. 

The SLD depth profiles for samples A and B, obtained 
by fitting of the NR data, are plotted in fig. [3l The 
SLD depth profile for the reference sample A deposited 
at £'Ar+ = 0.75 keV, shows an asymmetry with an abrupt 
Ti-on-Ni and a skewed Ni-on-Ti interface. As expected, 
Ti with lower 7 should wet the surface of Ni, while Ni 
will agglomerate on Ti resulting in a rougher Ni-on-Ti in- 
terface. The obtained interface rms roughnesses (cr) are 
given in table ID A decrease in the interface roughness re- 
sults in an increased TZ. By adding Ag either on the buffer 
Ti layer or at each Ti layer, the SLD profile becomes sym- 
metric and the overall roughness decreases. In the case 
of samples prepared at i?Ar+ — 1.00 keV the results are 
markedly different as TZ only increases marginally when 
the surfactant was used. The SLD depth profiles are also 
broader with appreciably higher roughnesses. Still, the 
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TABLE I. Parameters obtained by fitting of neutron reflec- 
tivity pattern of Ti/Ni multilayers. 



Ar"*" ion energy 


0.75 keV 


1 keV 


Samples 


ABC 


ABC 


■R (%) 


18.6 24.4 23.7 


16.3 17.4 18.1 


o-[Ni_on-Ti] (nm) 


0.8 0.2 0.2 


1.20 1.03 0.90 


(T[Ti_on-Ni] (nm) 


0.2 0.2 0.2 


0.64 0.64 0.60 



roughness of Ni-on-Ti interface of w 1 nm is higher as 
compared to « 0.6 nm for Ti-on-Ni interface. Symmet- 
ric and smooth interfaces obtained using Ag surfactant 
at i?Ar+ = 0.75 keV are indicative of layer-by-layer type 
growth [31 whereas the growth of Ti/Ni multilayers at 
Ep^^+ — 1.00 keV seems to remain unaffected with addi- 
tion of Ag surfactant. 

The observed results can be understood in terms of en- 
ergy of the sputtered atoms (or adatoms, i?ad)- Although 
Ea,d is difficult to calculate precisely, the mean values can 
be estimated using SRIM calculations. [13,1111 The calcu- 
lated values of i?ad (eV/atom) at i^Ar+ = 0.75 keV for Ni, 
Ti and Ag are 22.6, 25.3 and 20.7, respectively whereas 
at £^Ar+ = 1-00 keV they increase to 23, 33.3 and 22.2 for 
Ni, Ti and Ag, respectively. As can be seen while the E'ad 
for Ni and Ag increases marginally with an increase in 
incident ion energy, for Ti it increases appreciably. This 
may results in an increased mobility of the Ti atoms dur- 
ing condensation at the substrate. As supported by the 



XRD measurements, a larger grain size and sharper Ti 
peaks for the sample prepared at higher Ar+ ion energy 
may be due to the increased mobility of the Ti adatoms. 
This situation may lead to an enhanced intermixing at 
the interfaces and the surfactant atoms may migrate in 
the host Ti layer and therefore will not be able to float- 
off to the surface. Therefore, the addition of surfactant 
atoms will have no or only marginal effect on interface 
asymmetry as observed in this case. This hypotheses is 
supported by the absence of the top Ag layer for sample 
C in this case. 

In conclusion, we observe smooth and symmetric inter- 
faces, indicative of layer- by-layer type growth, in Ti/Ni 
multilayers prepared using Ag as surfactant at a deposi- 
tion energy Ej^^+ — 0.75 keV. However, when this energy 
is increased at -EAr+ = l-OOkeV there is only a marginal 
effect due to the increased mobility of Ti atoms. There- 
fore, the energy of the adatoms plays a significant role 
in the mechanism of the surfactant mediated growth of 
Ti/Ni multilayers. 
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